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(57) ABSTRACT 

The invention relates to the ?eld of gene therapy, gene 
expression, and vectors for these uses. In particular, the 
invention relates to the development and use of an arti?cial 
or synthetic chromosome for gene expression and gene 
therapy in mammals, and especially humans. The invention 
alloWs the controlled construction of stable synthetic or 
arti?cial chromosomes constructed from isolated segments 
of puri?ed DNA. Functional minimal segments preferably 
include centromeric DNA, telomeric DNA, and genomic 
DNA. The arti?cial chromosome performs the essential 
chromosomal functions of naturally-occurring chromo 
somes so as to permit the chromosome to function as an 

effective vector for gene therapy. 
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ARTIFICIAL MAMMALIAN CHROMOSOME 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY-SPONSORED 

RESEARCH AND DEVELOPMENT 

[0001] Part of the Work performed during development of 
this invention utilized US. Government funds. The US. 
Government has certain rights in this invention. 

FIELD OF THE INVENTION 

[0002] The invention relates to the ?eld of gene expression 
and gene therapy, and to novel vectors for these uses. In 
particular, the invention relates to the development and use 
of an arti?cial or synthetic chromosome as a vector for gene 
expression and gene therapy, especially in humans. The 
invention enables the controlled construction of stable syn 
thetic or arti?cial chromosomes from isolated puri?ed DNA. 
With this DNA, a functional chromosome is formed in a cell 
and maintained as an extrachromosomal element. The arti 
?cial chromosome performs the essential chromosomal 
functions of naturally-occurring chromosomes so as to per 
mit the chromosome to function as an effective vector for 
gene therapy When therapeutic DNA is included in the 
chromosome. 

BACKGROUND OF THE INVENTION 

[0003] The genetic manipulation of cells aimed at correct 
ing inherited or acquired disease is referred to as gene 
therapy. Until noW, most clinical studies in this ?eld have 
focused on the use of viral gene therapy vectors. Based on 
the results of these studies, it is becoming clear that current 
viral gene therapy vectors have severe clinical limitations. 
These include immunogenicity, cytopathicity, inconsistent 
gene expression, and limitations on the siZe of the thera 
peutic gene. For these reasons, much attention has been 
recently focused on the use of non-viral gene therapy 
vectors. 

[0004] In particular, synthetic mammalian chromosomes 
Would be useful vectors for facilitating a variety of genetic 
manipulations to living cells. The advantages of synthetic 
mammalian chromosomes include high mitotic stability, 
consistent and regulated gene expression, high cloning 
capacity, and non-immunogenicity. 

[0005] Arti?cial chromosomes Were ?rst constructed in S. 
cerevisiae in 1983 (Murray et al., Nature 305:189-193 
(1983), and in S. pombe in 1989 (Hahnenberger et al., Proc. 
Natl. Acad. Sci. USA 86:577-581 (1989). For many reasons, 
hoWever, it has not been obvious Whether similar vectors 
could be made in mammalian cells. 

[0006] First, multicellular organisms (and thus the pro 
genitors of mammalian cells) diverged from yeast over 1 
billion years ago. Although there are similarities among 
living organisms, in general, the similarities among tWo 
organisms are inversely related to the extent of their evolu 
tionary divergence. Clearly, yeast, a unicellular organism, is 
radically different biologically from a complex multicellular 
vertebrate. 

[0007] Second, yeast chromosomes are several orders of 
magnitude smaller than mammalian chromosomes. In S. 
cerevisiae and S. pombe, the chromosomes are 0.2 to 2 
megabases and 3.5-5.5 megabases in length, respectively. In 
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contrast, mammalian chromosomes range in siZe from 
approximately 50 megabases to 250 megabases. Since there 
is a signi?cant difference in siZe, it is not clear, a priori, 
Whether constructs comparable to yeast arti?cial chromo 
somes can be constructed and transfected into mammalian 
cells. 

[0008] Third, yeast chromosomes are less condensed than 
mammalian chromosomes. This implies that mammalian 
chromosomes rely on more complex chromatin interactions 
in order to achieve this higher level of structure. The 
complex structure (both DNA structure and higher order 
chromatin structure) of mammalian chromosomes calls into 
question Whether arti?cial chromosomes can be created in 
mammalian cells. 

[0009] Fourth, yeast centromeres are far less complex than 
mammalian centromeres. In S cerevisiae, for example, the 
centromere is made up of a 125 bp sequence. In S. pombe, 
the centromere consists of approximately 2 to 3 copies of a 
14 kb sequence element and an inverted repeat separated by 
a core region (~7 kb). In contrast, human centromeres are 
made up of several hundred kilobases to several megabases 
of highly repetitive alpha satellite DNA. Furthermore, in 
mammalian centromeres, there is no evidence for a central 
core region or inverted repeats such as those found in S. 
pombe. Thus, unlike yeast centromeres, mammalian cen 
tromeres are extremely large and repetitive. 

[0010] Fifth, yeast centromeres have far feWer spindle 
attachments than mammalian centromeres (Bloom, Cell 
73:621-624 (1993)). S. cerevisiae, for example, has a single 
microtubule attached to the centromere. In S. Pombe, there 
are 2-4 microtubules attached per centromere. In humans, on 
the other hand, there are several doZen microtubules 
attached to the centromere of each chromosome (Bloom, 
Cell 73:621-624 (1993)). This further illustrates the com 
plexity of mammalian centromeres compared to yeast cen 
tromeres. 

[0011] Together, these differences are signi?cant, and do 
not suggest that a result in yeast can be reasonably expected 
to be transferable to mammals. 

[0012] Normal mammalian chromosomes are comprised 
of a continuous linear strand of DNA ranging in siZe from 
approximately 50 to 250 megabases. In order for these 
genetic units to be faithfully replicated and segregated at 
each cell division, it is believed that they must contain at 
least three types of functional elements: telomeres, origins 
of replication, and centromeres. 

[0013] Telomeres in mammals are composed of the repeat 
ing sequence (TTAGGG)n and are thought to be necessary 
for replication and stabiliZation of the chromosome ends. 
Origins of replication are necessary for the efficient and 
controlled replication of the chromosome DNA during S 
phase of the cell cycle. Although mammalian origins of 
replication have not been Well-characterized at the sequence 
level, it is believed that they are relatively abundant in 
mammalian DNA. Finally, centromeres are necessary for the 
segregation of individual chromatids to the tWo daughter 
cells during mitosis to ensure that each daughter cell 
receives one, and only one, copy of each chromosome. Like 
origins of replication, centromeres have not been de?ned at 
the sequence level. Alpha satellite DNA maybe an important 
centromeric component (Haaf et al, Cell 70:681-696 (1992); 
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Larin et al., Hum. Mal. Genet. 31689-695 (1994); Willard, 
Trends in Genet. 61410-415 (1990)). But there are cases of 
mitotically stable abnormal chromosome derivatives that 
apparently lack alpha satellite DNA (Callen et al., Am. J. 
Med. Genet. 431709-715 (1992); Crolla et al.,J. Med. Genet. 
291699-703 (1992); Voullaire et al., Am. J. Hum. Genet. 
5211153-1163 (1993); BlennoW et al., Am. J. Hum. Genet. 
541877-853 (1994); Ohashi et al., Am. J. Hum. Genet. 
5511202-1208 (1994)). Thus, at this time, the composition of 
the mammalian centromere remains poorly understood. 

[0014] While others have claimed to have produced “arti 
?cial” chromosomes in mammalian cells, no one has ever 
produced an arti?cial chromosome that contains only exog 
enous DNA. In each of these previous cases, the investiga 
tors either modi?ed an existing chromosome to make it 
smaller (the “pare-doWn” approach) or they integrated exog 
enous DNA into an existing chromosome Which then broke 
to produce a chromosome fragment containing endogenous 
sequences from the preexisting chromosome (the “fragmen 
tation” approach). In the present invention, exogenous DNA 
sequences are introduced into human cells and form stable 
synthetic chromosomes Without integration into endogenous 
chromosomes. 

[0015] Among the pare-doWn approaches, three speci?c 
strategies have been used: (1) telomere directed truncation 
via illegitimate recombination (Barnett, M. A. et al., Nucleic 
Acids Res. 21127-36 (1993); Farr, C. J. et al., EMBO J. 
1415444-54 (1995)) (2) alpha satellite targeted telomere 
insertion/truncation via homologous recombination (BroWn, 
K. E. et al., Hum Mal. Genet. 311227-37 (1994)) (3) forma 
tion/breakage of dicentric chromosomes (HadlacZky, G., 
Mammalian Arti?cial Chromosomes, US. Pat. No. 5,288, 
625 (1994)). 

[0016] Barnett et al. (NucleicAcids Res. 21:27-36 (1993)), 
Farr et al. (EMBO J. 1415444-54 (1995)), and BroWn et al. 
(Hum Mal. Genet. 311227-37 (1994)) describe methods for 
fragmenting endogenous chromosomes by transfecting telo 
meric DNA and a selectable marker into mammalian cells. 
In each case, a truncated chromosome Was created that Was 
smaller than the original chromosome. The resulting trun 
cated chromosomes contained large amounts of endogenous 
chromosome sequence, including the endogenous cen 
tromere. Thus, these chromosomes Were not formed de 
novo. 

[0017] HadlacZky (Mammalian Arti?cial Chromosomes, 
US. Pat. No. 5,288,625 (1994)) describes a cell-line that can 
be use to propagate a chromosome that Was formed as a 
result of a dicentric chromosome breakage event. All of the 
sequences, With the exception of a selectable marker Were 
derived from the original, fully functional dicentric chro 
mosome. Thus, these so called “arti?cial” chromosomes 
Were not created de novo. 

[0018] Among the “fragmentation” approaches, Haaf et al. 
(Cell 701681-696 (1992)) and PraZnovsZky et al. (Prac. Natl. 
Acad. Sci. USA 88111042-11046 (1991)) describe methods 
for producing chromosome fragments by integrating trans 
fected DNA into endogenous chromosomes. FolloWing 
transfection, the integrated DNA sequences become ampli 
?ed (increase in copy number), and in some clones, a portion 
of the endogenous chromosome breaks off to produce a 
fragment that exists extrachromosomally. In both references, 
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integrated transfected DNA can be found extensively on the 
endogenous chromosome and the extrachromosomal frag 
ment. 

[0019] In the experiments by Haaf et al. (Cell 701681-696 
(1992)), human alpha satellite DNA and the neomycin 
resistance gene Were co-transfected into African Green 
Monkey cells. No other exogenous DNA Was included in 
any of the transfections. In every transfection clone, DNA 
Was found to be integrated into the endogenous chromo 
somes. In one clone, Which Was also found to contain an 
extrachromosomal fragment, the transfected alpha satellite 
DNA had ampli?ed extensively folloWing integration. The 
authors conclude, based on Southern blot and Fluorescence 
In-Situ Hybridization, that African Green Monkey 
sequences co-ampli?ed With the transfected DNA and Were 
interspersed among the alpha satellite DNA. In further 
characteriZation of the chromosomes that contained ampli 
?ed alpha satellite, it Was found that “the number, siZe, and 
chromosomal location (telomeric, interstitial, or centro 
meric) of the transfected chromosome regions varied from 
cell to cell Within the population of line 3-31 cells, suggest 
ing instability of the transfected sequences.” Finally, analy 
sis of the mitotic behavior of the chromosomes containing 
ampli?ed alpha satellite DNA revealed a high incidence of 
anaphase bridges, suggesting that the chromosomes Were 
dicentric (or multicentric). Thus, the high degree of 
observed structural instability in conjunction With the high 
incidence of anaphase bridge structures is consistent With 
the idea that the chromosome fragment resulted from an 
integration/ampli?cation/breakage event. Finally, it is also 
Worth noting that in clones that contained integrated, unam 
pli?ed alpha satellite DNA, no extrachromosomal fragments 
Were observed, further suggesting that ampli?cation is 
important for the chromosome fragmentation process in this 
method. 

[0020] PraZnovsZky et al. (Prac. Natl. Acad. Sci. USA 
88111042-11046 (1991)) produced chromosome fragments 
by integrating a piece of non-centromeric human DNA (later 
shoWn to map to human chromosome 9 qter by McGill et al. 
(Hum. Mal. Genet. 11749-751 (1992)) and Cooper et al. 
(Hum. Mal. Genet. 11753-754 (1992)) into an endogenous 
chromosome. Like the Haaf experiment, the integrated 
transfected DNA ampli?ed extensively, and Was found to be 
interspersed With mouse genomic sequences. The authors 
suggest that the integration/ampli?cation of the transfected 
DNA resulted in the formation of a dicentric chromosome 
that then subsequently broke to produce chromosome frag 
ments. Analysis of the chromosome fragments shoWs unam 
biguously that the chromosome fragments Were derived 
from the mouse chromosome containing the integrated 
ampli?ed DNA. 

[0021] There are a number of important similarities 
betWeen the experiments by Haaf et. al. and PraZnovsZky et. 
al. First, both shoW that the transfected DNA integrated into 
endogenous chromosomes. Second, both shoW that folloW 
ing integration, the transfected DNA ampli?ed extensively. 
Third, endogenous DNA (untransfected chromosomal 
sequences from the recipient cell ) Was found to be inter 
spersed throughout the ampli?ed sequences. Fourth, the 
endogenous chromosomes containing the ampli?ed trans 
fected sequences stained With CREST antisera. Fifth, the 
endogenous chromosomes containing the ampli?ed trans 
fected sequences behaved similarly to dicentric chromo 
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somes during mitosis. Finally, the endogenous chromo 
somes containing the ampli?ed transfected sequences 
displayed structural instability. Thus, the large number of 
important similarities and the demonstrated chromosomal 
fragmentation by PraZnovsZky et al. indicate a chromosome 
integration/ampli?cation/breakage mechanism in both of 
these experiments. 

[0022] Further evidence that transfection and integration 
of alpha satellite DNA into mammalian chromosomes is not 
sufficient to create extrachromosomal fragments in the 
absence of ampli?cation Was obtained by Larin et al. (Hum. 
M01. Genet. 3:689-95 (1994)). In these experiments, alpha 
satellite DNA linked to a selectable marker Was transfected 
into human cells. In every drug-resistant clone, the alpha 
satellite DNA Was integrated into an endogenous chromo 
some. While these integrations formed centromere-like 
structures (i.e. primary constrictions, CREST antisera stain 
ing, and lagging chromosomes during anaphase), no extra 
chromosomal fragments Were observed in any clone. Since 
these experiments failed to provide clones With chromo 
somes containing the transfected alpha satellite DNA and 
not an endogenous centromere, there is no reliable method 
to determine Whether the centromere-like structures that 
formed are capable of facilitating chromosome segregation. 

[0023] Since each of the “pared-down” chromosomes Was 
created from a pre-existing chromosome and since each of 
the “fragmentation” chromosomes Was created by integrat 
ing DNA into pre-existing chromosomes, these references 
do not provide guidance about hoW to create chromosomes 
de novo from transfected naked DNA. 

[0024] Furthermore, these chromosomes and the 
approaches used to make them have severe limitations as 
gene therapy vectors for several reasons. First, the methods 
used to make them can only be used to create the chromo 
somes in cell culture. Since the breakage events are either 
extremely rare and/or produce chromosomes With unpre 
dictable structure, these methods are not compatible With 
direct use in patients’ cells. Additionally, the instability of 
the ampli?ed sequences in the fragmentation approach is 
inconsistent With use in patients due to the risks of genomic 
rearrangements that, in turn, may lead to cellular transfor 
mation and cancer. 

[0025] It Would be highly desirable, therefore, if there 
Were a prefabricated chromosome vector With de?ned struc 
ture that could be introduced directly into patient’s cells, 
especially a vector that did not depend upon integration into 
endogenous chromosomes or subsequent ampli?cation, and 
Where the structure of the construct in the cell is substan 
tially identical to its structure prior to transfection. 

[0026] Second, pared-doWn chromosomes and chromo 
some fragments are composed of unde?ned endogenous 
sequences and provide no guidance for identifying 
sequences that are functionally important. 

[0027] It Would be highly desirable, therefore, to provide 
vectors composed of de?ned sequences and the methods to 
produce these de?ned synthetic chromosomes that alloW 
other functionally important sequences to be rapidly iden 
ti?ed. 

[0028] Third, the chromosomes produced by the pare 
doWn and fragmentation approaches can not be substantially 
puri?ed using currently available techniques. Thus, it is 
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dif?cult to deliver these pared-doWn chromosomes to mam 
malian cells Without delivering other mammalian chromo 
somes. 

[0029] It Would be highly desirable, therefore, to provide 
substantially puri?ed genetically engineered DNA that can 
be introduced into a cell and form a functional chromosome. 

[0030] Fourth, since these pared-doWn chromosomes and 
chromosome fragments have never been isolated as naked 
DNA and reintroduced into a cell, up to the present, it Was 
never clear Whether any exogenous DNA could be intro 
duced into a cell to produce a functional chromosome de 
novo (Without integrating into the host chromosomes ?rst). 

[0031] It Would be highly desirable, therefore, to provide 
arti?cial mammalian chromosomes that are created de novo 
by introducing puri?ed DNA into a mammalian cell. 

[0032] Finally, it is very dif?cult to add neW DNA 
sequences (e.g. therapeutic genes) to the pared-doWn chro 
mosomes and chromosome fragments. 

[0033] It Would be highly desirable, therefore, to provide 
vectors created in vitro, Where placing neW DNA sequences 
onto the vectors is straight-forWard and ef?cient. 

[0034] Sun et. al. (Nature Genetics 8:3341 (1994)) 
describe a viral-based vector system designed for use in 
human cells. The vector is described as a “human arti?cial 
episomal chromosome.” HoWever, the vector relies on the 
presence of EBNA-l, a toxic and immunogenic viral pro 
tein. Further, the vector relies on a viral origin of replication 
and not on a natural mammalian chromosomal replication 
origin. Further, the “chromosome” does not contain func 
tional centromeric or telomeric DNA, and does not form a 
functional kinetochore during mitosis. As a result, such a 
vector does not segregate in a controlled manner. Finally, the 
vector is present in the cell at an elevated copy number that 
ranges from 50 to 100 copies per cell, unlike endogenous 
chromosomes. Based on these criteria for de?ning mamma 
lian chromosomes, this vector cannot be properly designated 
a “human arti?cial chromosome” because it has different 
properties and functions by unrelated mechanisms. 

[0035] Thus, there is still a clear need for a Wholly 
synthetic or arti?cial chromosome made from DNA that can 
be manipulated in vitro and, upon transfection into cells, Will 
adopt a functional chromosome structure and Will direct 
gene expression in a controlled manner. 

[0036] In contrast to the cited art, several embodiments of 
the current invention describe a prefabricated chromosome 
vector With de?ned structure and composition that can be 
introduced directly into patients’ cells. Since the vector 
described in this invention does not depend upon integration 
into endogenous chromosomes or subsequent ampli?cation, 
the structure of the construct in the cell is substantially 
identical to its structure prior to transfection. 

[0037] In contrast to the cited art, the vectors described in 
this present invention are composed of de?ned sequences. 
Furthermore, the methods used to produce these synthetic 
chromosomes alloW other functionally important sequences 
to be rapidly identi?ed. 

[0038] In contrast to the cited art, With the present inven 
tion, the inventors demonstrate for the ?rst time that arti?cial 
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mammalian chromosomes can be created de novo by intro 
ducing puri?ed DNA into a mammalian cell. 

[0039] In contrast to the cited art, since the vectors 
described in the present invention are created in vitro, 
placing neW DNA sequences onto the vector is straight 
forWard and ef?cient. 

SUMMARY OF THE INVENTION 

[0040] The inventors have developed methods for produc 
ing large quantities of puri?ed intact alpha satellite arrays of 
up to 736 kb in length. By transfecting these arrays into 
human cells along With telomeric DNA and human genomic 
DNA sequences, several Wholly synthetic human chromo 
somes that exhibit a high degree of mitotic stability in the 
absence of selection have been produced. 

[0041] Unlike previous approaches Whereby attempts 
Were made to produce an arti?cial mammalian chromosome, 
this approach does not rely on the modi?cation of existing 
endogenous chromosomes. Furthermore, it does not produce 
multiple integration events Within the endogenous chromo 
somes. These chromosomes Were formed and maintained 
extrachromosomally, so integration into an endogenous 
chromosome is avoided. 

[0042] The relatively high frequency of synthetic chromo 
some formation and the lack of other genomic rearrange 
ments associated With the chromosome formation, alloWs 
the synthetic chromosomes made by the inventors to be used 
as effective vectors for heterologous gene expression and 
gene therapy. 

[0043] The invention is thus based on the inventors’ 
discovery that by means of isolated puri?ed DNA alone, a 
synthetic or arti?cial chromosome is produced de novo 
(from puri?ed DNA) in a cell and is produced and main 
tained as an extrachromosomal element. This chromosome 
retains the essential functions of a natural mammalian 
chromosome in that it is stably maintained as a non-inte 
grated construct in dividing mammalian cells Without selec 
tive pressure, just as naturally-occurring chromosomes are 
inherited. For a linear chromosome, this indicates centro 
meric, telomeric, and origin of replication functions. 

[0044] The invention is thus directed to a synthetic or 
arti?cial mammalian chromosome. The chromosome is pro 
duced from isolated puri?ed DNA. The isolated puri?ed 
DNA is transfected into mammalian cells. Without integrat 
ing into an endogenous chromosome, it forms a functional 
chromosome. This chromosome is not derived from an 
endogenous naturally-occurring chromosome in situ. The 
starting material is isolated puri?ed centromeric DNA and 
DNA that alloWs chromosome formation Without integra 
tion. For linear chromosomes, telomeric DNA is included. In 
a preferred embodiment, the DNA that alloWs chromosome 
formation Without integration is genomic DNA (from the 
naturally-occurring genome of an organism). 

[0045] The arti?cial mammalian linear chromosome thus 
preferably essentially comprises centromeric, telomeric, and 
genomic DNA. In one embodiment, the arti?cial chromo 
some is a circular chromosome. In this case, telomeric DNA 
is absent since it is not necessary to replicate chromosome 
ends. 

[0046] The genomic DNA is a subgenomic DNA fragment 
that is a restriction enZyme digestion fragment, a fragment 
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produced by mechanical shearing of genomic DNA, or a 
synthetic fragment synthesiZed in vitro. The genomic DNA 
starting material (ie., that is transfected) can be a mixture of 
heterogeneous fragments (e.g., a restriction digest) or can be 
a cloned fragment or fragments (homogeneous). 

[0047] Centromeric DNA comprises a DNA that directs or 
supports kinetechore formation and thereby enables proper 
chromosome segregation. Centromeric DNA at active, func 
tional, centromeres is associated With CENP-E during mito 
sis, as demonstrated by immuno?uorescence or immuno 
electron microscopy. By “associated” is meant that the 
centromeric DNA and CENP-E co-localiZe by ?uorescence 
in situ hybridiZation (FISH) and immuno?uorescence. 

[0048] Telomeric DNA comprises tandem repeats of 
TTAGGG that provide telomere function, i.e., replicate the 
ends of linear DNA molecules. Telomeric DNA is included 
as an optional component, to be used When linear chromo 
somes are desired. This is indicated herein by enclosing the 
terms “telomeric”/“telomere” in parentheses. 

[0049] Prior to transfection, the DNA can be naked, con 
densed With one or more DNA-condensing agents, or coated 
With one or more DNA-binding proteins. 

[0050] The invention is also directed to an arti?cial mam 
malian chromosome produced by the process of introducing 
into a mammalian cell the isolated puri?ed DNA fragments 
above. In a preferred embodiment the process uses DNA 
essentially comprising centromeric, telomeric, and genomic 
DNA. 

[0051] The various fragments can be transfected sepa 
rately or one or more can be ligated prior to transfection. 
Thus the centromeric (telomeric) and genomic DNAs are 
introduced separately (unligated) or one or more of the 
isolated puri?ed DNAs are ligated to one another. 

[0052] The invention is also directed to a mammalian cell 
containing and compositions comprising the arti?cial mam 
malian chromosome. 

[0053] The invention is also directed to the isolated puri 
?ed DNA described above, and Which forms an arti?cial 
mammalian chromosome When introduced into a mamma 
lian cell. In preferred embodiments, the isolated puri?ed 
DNA essentially comprises centromeric, telomeric, and 
genomic DNA. 

[0054] The invention is also directed to a mammalian cell 
containing and compositions comprising the puri?ed DNA. 

[0055] The invention is also directed to a vector or vectors 
containing the puri?ed DNA. 

[0056] The invention is also directed to a mammalian cell 
containing and compositions comprising the vector(s). 

[0057] The invention is also directed to the isolated puri 
?ed DNA described above produced by the process of 
combining one or more of the DNAs described above. In 
preferred embodiments, the DNA includes: (1) centromeric 
DNA, (2) telomeric DNA, (3) genomic DNA. The DNAs 
can be unligated or one or more can be ligated to one 
another. 

[0058] The invention is also directed to a method for 
making an arti?cial mammalian chromosome by introducing 
into a mammalian cell the puri?ed DNA described above. 
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[0059] The invention is also directed to a method for 
making DNA capable of forming an arti?cial chromosome, 
the method comprising combining in vitro the DNA 
described above. 

[0060] The invention is also directed to a method for 
propagating an arti?cial chromosome in mammalian cells by 
introducing the puri?ed DNA into a mammalian cell and 
alloWing the chromosome to replicate. 

[0061] In a preferred embodiment, the invention is also 
directed to methods for expressing a heterologous gene in a 
mammalian cell by expressing that gene from the arti?cial 
mammalian chromosome. 

[0062] Thus, the invention is also directed to methods for 
providing a desired gene product by including a desired gene 
on the arti?cial chromosome such that the gene of interest is 
expressed. In preferred embodiments, the invention provides 
a method of gene therapy by including heterologous thera 
peutic DNA on the arti?cial mammalian chromosome, such 
that there is a therapeutic effect on the mammal containing 
the chromosome. 

[0063] In a preferred embodiment of the invention, the 
centromeric DNA is alpha-satellite DNA. 

[0064] In a preferred embodiment of the invention, the 
arti?cial mammalian chromosome is derived entirely from 
human DNA sequences and is functional in human cells. 

BRIEF DESCRIPTIONS OF THE FIGURES 

[0065] FIG. 1. Method for producing large head-to-tail 
tandem arrays of alpha satellite DNA. pVJ104-Yot16 Was 
lineariZed With BamHI and S?I, and puri?ed by pulsed ?eld 
gel electrophoresis (PFGE). Likewise, pBac-Yot16 Was lin 
eariZed With BamHI and BglII and the alpha satellite array 
Was puri?ed by PFGE. A) The puri?ed arrays Were incu 
bated together in the presence of ligase, BamHI and BglII. 
Since BamHI and BglII are complementary/nonisoschiso 
meric overhangs, a ligation event resulting in a BamHI/BglII 
junction (as is the case in a head-to-tail joining) Will destroy 
both sites. Thus, a head-to-tail junction Will be resistant to 
cleavage by BamHI and BglII. In contrast, a head-to-head, 
or tail-to-tail ligation event Will recreate a BamHI or BglII 
site, respectively. Since BamHI and BglII are present, these 
ligation products Will be cleaved to produce their constituent 
monomers (or head-to-tail multimers). By controlling the 
amount of ligase, the incubation time, and the concentration 
of DNA, the length of the head-to-tail products can be varied 
as necessary. B) FolloWing ligation, the products Were 
analyZed by PFGE. Lane 1, molecular Weight standards 
(NEBL Midrange II markers); lane 2, Yot16 (BamHI/BglII 
fragment) ligated in the presence of BamHI and BglII for 4 
hours; lane 3, Yot16 (BamHI/BglII fragment) ligated in the 
presence of BamHI/BglII for 12 hours; lane 4, Yot16 
(BamHI/BglII fragment) mock-ligated in the presence of 
BamHI and BglII; lane 5, VK75 (BssHII fragment) ligated 
for 12 hours Without restriction enZyme; lane 6, VK75 
(BssHII fragment) ligated for 12 hours in the presence of 
BssHII; lane 7, VK75 (BssHII fragment) mock-ligated. The 
molecular Weight of ligation products are shoWn on the left. 
Note: Although these samples Were run on the same gel, 
several irrelevant lanes betWeen lanes 4 and 5 Were 
removed. 

[0066] 
SOIIICS. 

FIG. 2. Strategy for making synthetic chromo 
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[0067] FIG. 3. Analysis of synthetic chromosomes from 
clones 22-7 and 22-13 by ?uorescent in situ hybridiZation 
(FISH). Cells Were harvested, dropped onto glass slides, and 
hybridiZed to Y alpha satellite DNA as described in the 
Experimental Procedures (See Examples herein). The bioti 
nylated probe Was detected using Texas Red Avidin and 
ampli?ed With tWo layers of biotinylated anti-Avidin and 
Texas Red Avidin. A) DAPI image of a metaphase spread 
from clone 22-7. B) Same as A) except that the alpha 
satellite probe Was visualiZed using a triple cube ?lter. C) 
DAPI image of a metaphase spread from clone 22-13. D) 
Same as C) except that the alpha satellite probe Was visu 
aliZed using a triple cube ?lter. In each case, the synthetic 
chromosome is indicated With a White arroW. 

[0068] FIG. 4. Analysis of synthetic chromosomes from 
clones 22-6 and 23-1 by FISH. Cells Were harvested, 
dropped onto glass slides, and hybridiZed to Y alpha satellite 
DNA (clone 22-6) or 17 alpha satellite DNA (clone 23-1) as 
described in the experimental procedures. The biotinylated 
probe Was detected using Texas Red Avidin and ampli?ed 
With tWo layers of biotinylated anti-Avidin and Texas Red 
Avidin. A) DAPI image of a metaphase spread from clone 
22-6. B) Same as A) except that the alpha satellite probe Was 
visualiZed using a triple cube ?lter. C) DAPI image of a 
metaphase spread from clone 23-1. D) Same as C) except 
that the alpha satellite probe Was visualiZed using a triple 
cube ?lter. In each case, the synthetic chromosome is 
indicated With a White arroW. In D), the yelloW arroW 
indicates the location of the C qter integration site. 

[0069] FIG. 5. Analysis of synthetic chromosomes from 
clones 22-11 and 17-15 by FISH. Cells Were harvested, 
dropped onto glass slides, and hybridiZed to Y alpha satellite 
DNA (clone 22-11) or 17 alpha satellite DNA (clone 17-15) 
as described in the experimental procedures. The biotiny 
lated probe Was detected using Texas Red Avidin and 
ampli?ed With tWo layers of biotinylated anti-Avidin and 
Texas Red Avidin. A) DAPI image of a metaphase spread 
from clone 22-11. B) Same as A) except that the alpha 
satellite probe Was visualiZed using a triple cube ?lter. C) 
DAPI image of a metaphase spread from clone 17-15. D) 
Same as C) except that the alpha satellite probe Was visu 
aliZed using a triple cube ?lter. In each case, the synthetic 
chromosome is indicated With a White arroW. In D), the 
yelloW arroW indicates the location of the C qter integration 
site. 

[0070] FIG. 6 Determination of the amount of transfected 
alpha satellite DNA present in clones containing the syn 
thetic chromosome. A) Total genomic DNA Was harvested, 
digested, and electrophoresed as described in the Experi 
mental Procedures. Lane 1, H1080; lane 2, clone 22-6; lane 
3, clone 22-7; lane 4, clone 22-11; lane 5, clone 22-13; lane 
6, clone 23-1. B) The estimated amount of synthetic Y alpha 
satellite DNA is shoWn for each clone. Note: clone 23-1 Was 
transfected With 17 alpha satellite DNA, and therefore, does 
not contain synthetic Y alpha satellite DNA. 

[0071] FIG. 7. CENP-E is associated With the synthetic 
chromosomes during mitosis. Immuno?uorescence Was car 
ried out on metaphase chromosomes harvested from syn 
thetic chromosome-containing clones as described in experi 
mental procedures. A) DAPI-stained chromosomes from 
clone 22-11. B) Same as A) except the location of the 
anti-CENP-E antibodies is visualiZed using a triple cube 
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?lter. C) DAPI-stained chromosomes from clone 23-1. D) 
Same as C) except the location of the anti-CENP-E anti 
bodies is visualized using a triple cube ?lter. In each case, 
the synthetic chromosome is indicated by a White arroW. 

[0072] FIG. 8. X-Gal plate staining of clone 22-11 after 
groWth for 70 days in the absence of selection. Cells Were 
harvested and stained as described in the Experimental 
Procedures herein. A) HT1080 B) Clone 22-11. The pres 
ence of blue cells in clone 22-11, but not in HT1080 
indicates that [3-geo is still expressed in these cells. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0073] The inventors have discovered that functional 
mammalian chromosomes can be constructed from puri?ed 
DNA introduced into a mammalian cell. There are several 
advantages to using these chromosomes for a variety of 
applications. 
[0074] First, since they are formed and replicate autono 
mously, they Will not result in insertional mutagenesis by 
inserting into the host genome. 

[0075] Second, because of the large siZe of the transfer 
vector (in the megabase range), there is the capacity to 
accommodate the entire repertoire of a large gene including 
all of its regulatory elements. This itself may encompass 
megabases of DNA. 

[0076] Third, because some genetic diseases are the result 
of defects in more than one gene, because of the large siZe 
of the mammalian arti?cial chromosome more than one gene 
can be accommodated. 

[0077] Fourth, they are stable and can thus provide a 
therapeutic bene?t over many cell divisions. 

[0078] Fifth, they are non-immunogenic. 

[0079] The invention is thus directed to a synthetic or 
arti?cial mammalian chromosome comprising essentially 
centromeric, genomic, and optionally, telomeric DNA. In an 
alternative embodiment, the arti?cial chromosome is a cir 
cular chromosome. In this case, telomeric DNA is absent 
since it is not necessary to replicate chromosome ends. The 
chromosome has, at the minimum, DNA sequences that 
provide essential chromosomal functions in a mammalian 
cell. 

[0080] The genomic DNA is a subgenomic DNA fragment 
selected from the group consisting of restriction enZyme 
digestion fragments mechanically sheared fragments, and 
fragments of DNA synthesiZed in vitro. The genomic DNA 
component of the chromosome can be derived from a 
mixture of subgenomic fragments (e. g., a restriction enZyme 
digest) or from cloned fragment(s). 

[0081] The function of the genomic DNA is tWo-fold. The 
DNA expresses a gene product, or causes the expression of 
a gene product (as, for example, by having a regulatory 
function), and the DNA alloWs the formation of an arti?cial 
chromosome from puri?ed DNA in a cell Without the 
integration of the puri?ed DNA into an endogenous chro 
mosome in the cell, the arti?cial chromosome also contain 
ing centromeric DNA and, optionally, telomeric DNA. The 
genomic DNA can be derived from any organism and can be 
of any siZe. 
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[0082] The genomic DNA that forms a component of the 
synthetic mammalian chromosome may be derived from a 
mammalian source other than the mammal from Which the 
cell is derived in Which the chromosome replicates. For 
example, mouse genomic DNA can be provided to human 
cells and human genomic DNA can be provided to the cells 
of other mammals. Further, it can be from a source different 
from the source of the centromere or telomere. 

[0083] Still further, the function of the genomic DNA 
exempli?ed herein can be potentially carried out by genomic 
DNA of any organism, including procaryotic organisms, and 
by DNA synthesiZed in vitro and not corresponding to a 
naturally-occurring sequence, partly homologous to a natu 
rally occurring sequence, or completely non-homologous. 

[0084] Centromeric DNA essentially comprises a DNA 
that directs or supports kinetechore formation and thereby 
enables proper chromosome segregation. This centromeric 
DNA at active, functional centromeres is associated With 
CENP-E during mitosis, as demonstrated by immuno?uo 
rescence or immunoelectron microscopy. By “associated” is 
meant that the centromeric DNA and CENP-E co-localiZe by 
FISH and immuno?uorescence. 

[0085] In a preferred embodiment of the invention, the 
centromeric DNA is alpha satellite DNA. HoWever, any 
functional centromeric DNA, and especially repetitive 
DNA, is enabled by the methods described herein and useful 
for making arti?cial chromosomes. 

[0086] The inventors have created in vitro methods for 
producing large alpha satellite arrays. Previously, no method 
has been available alloWing structurally intact alpha satellite 
DNA- greater than 200 kb to be puri?ed in the quantities 
necessary for the transfection of mammalian cells. By using 
these methods, controlled amounts of alpha satellite DNA 
can be produced in vitro. As described herein, by empirically 
controlling the amount of ligase, incubation time, and con 
centration of DNA, the length of the ultimate product can be 
varied as necessary. 

[0087] HoWever, the invention is not limited to centro 
meric DNA derived from alpha satellite DNA. The in vitro 
methods created by the inventors can be applied to any 
centromeric DNA that functions as described herein, and 
especially to repetitive DNA. 

[0088] Further, the entire alpha satellite repeat may not be 
required for centromere formation. Thus, the centromeric 
DNA can also comprise alpha satellite derivatives and 
analogs, for example, sub-monomer regions in alpha satel 
lite or related satellite DNA. 

[0089] Subregions Within the alphoid monomer represent 
ing protein binding sites can be ligated together to generate 
a functional centromere, consisting of a smaller repeat unit. 
The functionality of this embodiment is shoWn by data from 
mouse-human hybrids. 

[0090] In the murine species M. musculus, minor satellite 
DNA contains CENP-B boxes and appears to be the func 
tional equivalent of alpha satellite DNA. Interestingly, in M. 
musculus, the minor satellite repeat unit is only 120 bp and 
has no apparent sequence homology to alpha satellite DNA 
outside of the CENP-B box. Despite the difference in repeat 
siZe and sequence, human chromosomes segregate ef? 
ciently in mouse/human hybrids. This demonstrates that the 
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centromeric repeat unit size and sequence can vary Without 
destroying centromere function. 

[0091] The murine species M. caroli apparently lacks 
minor satellite DNA (Kipling et al., Mol. Cell. Biol. 
15 :4009-4020 (1995)). In this species, the functional alpha 
satellite equivalent appears to be a 79 bp satellite sequence 
that contains a CENP-B box (there is also a 60 bp sequence 
that is 97% homologous to the 79 bp sequence but that lacks 
a CENP-B box). In crosses betWeen M. musculus and M. 
caroli, chromosomes from both species segregate normally 
Within the same cell. This shoWs that both the minor satellite 
and the 79 bp satellite sequences are recognized by the same 
spindle during mitosis. Thus, different centromeric repeat 
siZes can be functional. 

[0092] Since alpha satellite, minor satellite, and 79 bp 
satellite repeats are different siZes and are functional, the 
absolute repeat siZe per se is not the determinant of func 
tionality of centromeric DNA. Additionally, since there is 
only limited sequence homology betWeen these centromeric 
repeats, it is likely that subregions Within the repeats rep 
resenting protein binding sites are the important functional 
component. 

[0093] Thus, in one embodiment of this invention, the 
centromeric DNA contains subregions Within alpha satellite 
DNA. In a preferred embodiment, the centromeric DNA is 
composed of tandemly ligated CENP-B boxes, de?ned by 
the sequence 5‘aTTCGttggAaaCGGGa3‘, Where the bases 
indicated by capital/bold letters are the most important for 
CENP-B binding and the bases indicated by loWer case 
letters may be substituted With other bases. 

[0094] In other embodiments, alphoid equivalents from 
other species are used for centromeric DNA. Human and 
other mammalian chromosomes have been shoWn to segre 
gate efficiently in cells from other species as demonstrated 
by interspecies somatic cell hybrids. Examples of these 
hybrids include mouse><human, hamster ><human, rat><hu 
man, hamster><mouse, rat><mouse, and chicken><human. The 
stability of a human chromosome in chicken cells (Dieken, 
E., et al., Nature Genet. 12:174-182 (1996)) shoWs that 
human centromeric DNA is also functional in a non-mam 

malian species (i.e., avian). 
[0095] Based on observations from cross-species hybrids, 
it is clear that chromosomes from one species are functional 
in other species. Therefore, synthetic chromosomes can be 
produced in human cells using centromeric repeats from 
other mammals (and avians) instead of, or in conjunction 
With, alpha satellite DNA. Conversely, alpha satellite DNA 
can be used as the source for centromeric DNA in other 

mammalian (and avian) species. 

[0096] Thus, in a further embodiment of the invention, 
genomic (telomeric) DNA is transfected into cells along 
With M. musculus minor satellite DNA, Mus caroli 79 bp 
satellite DNA, or analogous sequences from other mammals. 
In another embodiment, telomeric and genomic DNA is 
transfected into cells along With centromeric DNA from 
avian cells. 

[0097] Essentially, centromeric DNA that is associated 
With CENP-E during mitosis is embodied in the aspect of the 
invention that encompasses the use of centromeric 
sequences heterologous to the host cell and other synthetic 
chromosomal components. As long as the centromeric 
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sequence in the chromosome is associated With CENP-E 
during mitosis, a functional chromosome for mammalian 
cells Would be expected to result irrespective of the genomic 
sequence(s) and telomere sequences, and for that matter, 
irrespective of the speci?c centromeric sequence. 

[0098] The telomeric DNA can be derived from any DNA 
sequence (from any desired species) that retains a telomeric 
function. In mammals and other vertebrates, the most abun 
dant and conserved sequence at the chromosome end is 
TTAGGG, Which forms arrays betWeen 2 and 20 kilobases 
in length. Human telomere DNA consists of about 5 kilo 
bases of the repeat TTAGGG, and small stretches of this 
sequence are enough to seed telomere formation after intro 
duction of linear molecules into mammalian cell lines (Hux 
ley, C., Gene Then 117-12 (1994)). Simple (TTAGGG)n 
arrays are suf?cient to provide the telomere function 
required by an arti?cial chromosome. The telomeric DNA, 
therefore, comprises tandem arrays of the hexamer 
TTAGGG. Telomeric DNA is included When the formation 
of linear chromosomes is desired. 

[0099] Telomeres, centromeres and replication origins are 
discussed in Huxley, C. et al., Biotechnol. 12:586-590 
(1994). 
[0100] The invention is also directed to puri?ed DNA 
molecules that essentially comprise centromeric, genomic, 
and optionally, telomeric DNA, as described herein. 

[0101] In one embodiment, the puri?ed DNA is naked 
DNA. 

[0102] In another embodiment, the puri?ed naked DNA is 
condensed With one or more agents that condense DNA. It 
may be advantageous to condense the puri?ed DNA prior to 
transfection in order to stabiliZe it against shearing. By 
condensing the puri?ed centromeric (telomeric) and 
genomic DNA prior to transfection, it Will become more 
resistant to structural insult arising from manipulations 
during transfection. Thus, in one embodiment of this inven 
tion, the puri?ed centromeric (telomeric) and genomic DNA 
is condensed With one or more DNA condensing agents prior 
to transfection. In this respect, polycations have been shoWn 
to physically condense high molecular Weight DNA and to 
protect it from mechanical shearing (Kovacic et al., Nucleic 
Acids Res. 23:3999-4000 (1995); Widom and BaldWin, J. 
Mol. Biol. 144:431-453 (1980); Widom and BaldWin, 
Biopolymers 22:1595-1620 (1983)). Therefore, in a further 
embodiment, the puri?ed DNA is condensed With polyca 
tionic compounds. Examples of polycationic compounds 
include poly-lysine, poly-arginine, spermidine, spermine, 
and hexaminecobalt chloride. 

[0103] In an alternative embodiment, the invention 
encompasses precoating DNA With proteins. It may also be 
advantageous to precoat the DNA With DNA-binding pro 
teins such as histones, nonhistone chromosomal proteins, 
telomere binding proteins, and/or centromere binding pro 
teins. This precoating is expected to have several desirable 
consequences. First, it Will result in condensation of the 
DNA Which Will protect the high molecular Weight DNA 
from shearing. Second, it Will inhibit nuclease degradation 
of the transfected DNA by blocking nucleases from binding 
to the DNA. Third, the precoated DNA may enter the 
nuclease more efficiently folloWing transfection, since each 
of the proteins listed above contain nuclear localiZation 
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signals. By precoating the centromeric (telomeric) and 
genomic DNA With DNA binding proteins prior to transfec 
tion, We expect to increase the ef?ciency of transfection and 
synthetic chromosome formation. 

[0104] Thus, in another embodiment of this invention, the 
puri?ed centromeric (telomeric) and genomic DNA is coated 
With DNA binding proteins prior to transfection. Examples 
of DNA-binding proteins include histones, non-histone 
chromosomal proteins, transcription factors, centromere 
binding proteins, and telomere binding proteins. 

[0105] DNA-binding proteins can also be identi?ed and 
puri?ed by their af?nity for DNA. For example, DNA 
binding may be revealed in ?lter hybridiZation experiments 
in Which the protein (usually labeled to facilitate detection) 
is alloWed to bind to DNA mobiliZed on a ?lter or, vice-versa 
in Which the DNA binding site (usually labeled) is bound to 
a ?lter upon Which the protein has been immobiliZed. The 
sequence speci?city and affinity of such binding is revealed 
With DNA protection assays and gel retardation assays. 
Puri?cation of such proteins may be performed utiliZing 
sequence-speci?c DNA af?nity chromatography techniques, 
for example column chromatography With a resin deriva 
tiZed With the DNA to Which the domain binds. Proteolytic 
degradation of DNA-binding proteins may be used to reveal 
the domain Which retains the DNA binding ability. 

[0106] The invention is thus directed to an arti?cial mam 
malian chromosome produced by the process of transfecting 
a mammalian cell With the puri?ed DNA, described herein, 
and alloWing the cell to completely reconstitute the DNA in 
v1vo. 

[0107] The invention is thus directed to an arti?cial mam 
malian chromosome produced by the process of transfecting 
a mammalian cell With puri?ed naked DNA, the DNA 
comprising essentially centromeric DNA (telomeric DNA) 
and genomic DNA, as described herein. 

[0108] The invention is thus also directed to an arti?cial 
chromosome produced by the process of transfecting a 
mammalian cell With puri?ed condensed DNA, the DNA 
comprising essentially, centromeric DNA (telomeric DNA), 
and genomic DNA, as described herein. 

[0109] The invention is thus also directed to an arti?cial 
mammalian chromosome produced by the process of intro 
ducing puri?ed coated DNA into a mammalian cell, the 
DNA comprising essentially a centromere (a telomere) and 
genomic DNA, as described herein. 

[0110] The invention is also directed to puri?ed DNA 
made by the process of combining, in vitro, isolated puri?ed 
and genomic DNA (telomeric DNA) as described herein. 

[0111] The invention is also directed to puri?ed, con 
densed DNA made by the process of combining, in vitro, 
isolated puri?ed centromeric DNA (telomeric DNA) and 
genomic DNA, as described herein. Alternatively, the indi 
vidual DNA components could be pre-condensed and then 
combined. 

[0112] The invention is also directed to puri?ed, coated 
DNA made by the process of combining, in vitro, isolated 
puri?ed centromeric DNA (telomeric DNA) and genomic 
DNA, as described herein and adding DNA-binding pro 
teins. Alternatively, the individual DNA components could 
be pre-coated and then combined. 
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[0113] The puri?ed DNA described above may comprise 
unligated centromeric (telomeric) and genomic DNA. Alter 
natively, the puri?ed DNA described above can also com 
prise centromeric (telomeric) and genomic DNA in Which 
one or more of these DNAs are ligated to each other. 

[0114] The invention is also directed to a composition 
comprising the puri?ed DNA described above. The compo 
sition may contain components that facilitate the entry of the 
DNA into a cell. For the formation of an arti?cial chromo 
some, the composition may facilitate the uptake of the DNA 
into a mammalian cell. Alternatively, the composition may 
comprise ingredients that facilitate the uptake of the DNA 
into a cell Which is used for propagation of a vector 
containing the DNA. 

[0115] The invention is also directed to a vector containing 
the DNA described above. The vector may be used for 
propagating the DNA, i.e., amplifying the sequences 
described above prior to introducing them into a mammalian 
cell and forming an arti?cial chromosome. 

[0116] Accordingly, the invention is also directed to a 
composition comprising the vector containing the DNA 
described above. 

[0117] The invention is also directed to a cell containing 
the vector described above. 

[0118] The invention is also directed to a mammalian cell 
containing the arti?cial chromosome. 

[0119] The invention is also directed to a mammalian cell 
containing the puri?ed DNA described above. 

[0120] Although any mammalian cell is encompassed by 
the invention, in preferred embodiments of the invention, the 
mammalian cell is a human cell. 

[0121] In preferred embodiments of the invention, the 
centromeric DNA is human alpha satellite DNA. It is 
understood, hoWever, that alpha satellite DNA may be 
derived from any primate. The invention further encom 
passes centromeric DNA from non-primate mammals, 
Wherein said centromeric DNA is associated With CENP-E 
during mitosis. Any centromeric DNA that is associated With 
CENP-E during mitosis, and especially repetitive DNA, 
irrespective of the organism from Which it is derived, is 
expected to provide functional centromeric sequences for an 
arti?cial mammalian chromosome according to the present 
invention. Thus, an arti?cial mammalian chromosome that 
functions in human cells, for example, may contain centro 
meric sequences derived not from humans but from non 
human mammals and even from non-mammalian species 
such as avians. Any repetitive DNA that is associated With 
CENP-E is potentially useful. Accordingly, folloWing the 
methods taught herein, any centromeric sequence can be 
tested for function as a component of a mammalian arti?cial 
chromosome. 

[0122] In speci?c disclosed embodiments of the invention, 
the centromeric DNA comprises large stretches of alpha 
satellite array, a segment composed of the repeating telom 
eric sequence (TTAGGG)n, and random genomic fragments 
produced by digestion With the restriction enZyme NotI. In 
preferred embodiments, the restriction enZyme digests DNA 
into pieces in the range of fragments generated by NotI 
digestion of human genomic DNA and preferably in the 
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range of 10 kb to 3 mb. This includes but is not limited to 
BamHI, BglI, SalI, XhoI, S?I, NotI, SrfI, PmeI, and AscI. 

[0123] When the puri?ed DNA is introduced into a mam 
malian cell, this DNA forms a functional synthetic or 
arti?cial chromosome. This chromosome has the character 
istics of a naturally-occurring mammalian chromosome. The 
chromosome is present in the cell at a loW copy number, 
usually one per cell. The chromosome is linear and contains 
telomeric sequences. CENP-E is associated With the arti? 
cial chromosome during mitosis, indicating the formation of 
a functional kinetechore. The chromosome is mitotically 
stable in the absence of selection. The chromosome is 
structurally stable With time With an undetectable integration 
frequency. The chromosome contains one or more transcrip 
tionally active genes. Thus, these chromosomes do not 
originate from naturally-occurring chromosomes but are 
constructed starting in vitro from isolated puri?ed DNA 
sequences. 

[0124] Accordingly, the invention is also directed to a 
method for making an arti?cial mammalian chromosome, 
the method comprising introducing into a mammalian cell 
the puri?ed DNA described above. 

[0125] The DNA can be introduced into the mammalian 
cell by any number of methods knoWn to those in the art. 
These include, but are not limited to, electroporation, cal 
cium phosphate precipitation, lipofection, DEAE dextran, 
liposomes, receptor-mediated endocytosis, and particle 
delivery. The chromosomes or DNA can also be used to 
microinject eggs, embryos or ex vivo or in vitro cells. Cells 
can be transfected With the chromosomes or With the DNA 
described herein using an appropriate introduction technique 
knoWn to those in the art, for example, liposomes. In a 
preferred embodiment of the invention, introduction of 
puri?ed DNA into the mammalian cell is by means of 
lipofection. 
[0126] The puri?ed DNA is thus useful for transfecting a 
mammalian cell, said transfecting resulting in the formation 
of an arti?cial chromosome in the cell from the transfected 
DNA. 

[0127] The DNA can be propagated in non-mammalian 
cells separately or Where one or more of the components is 
ligated together. Thus, the invention is also directed to the 
puri?ed DNA ligated into a vector for propagation. Such 
vectors are Well-knoWn in the art and include, but are not 
limited to, pBac/108L, P1, pACYC184, pUC19, pBR322, 
YACs, and cosmids. 

[0128] The invention is also directed to a mammalian cell 
containing the arti?cial or synthetic chromosome. The 
invention is directed to any mammalian chromosome or 
mammalian cell. Although all mammals are encompassed, 
the preferred embodiment is the human. Apreferred embodi 
ment of the invention therefore encompasses a human cell 
containing a synthetic human chromosome. 

[0129] The DNA and chromosomes have been developed 
especially for use as expression vectors for gene therapy and 
other purposes. Therefore, in preferred embodiments of the 
invention, the puri?ed DNA also consists essentially of one 
or more DNA sequences useful for the expression of a 
desired gene product, for example, as therapeutic agents. 
The invention is thus directed to a method for introducing 
expressible DNA into a cell by including this DNA on the 
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arti?cial chromosome. The DNA can be regulatory, struc 
tural, expressed as a gene product, and the like. In a 
preferred embodiment, the DNA provides a gene product. 
When transfected into mammalian cells, the arti?cial chro 
mosomes that are formed folloWing transfection harbor and 
express these DNA sequences. 

[0130] Recombinant DNA technology has been used 
increasingly over the past 20 years for the production of 
desired biological materials. DNA sequences encoding a 
variety of medically important human gene products have 
been cloned. These include insulin plasminogen activator, 
(X1 anti-trypsin, and coagulation factors. The present inven 
tion, hoWever, encompasses the expression of any and all 
desired medically and/or biologically relevant gene prod 
ucts. 

[0131] Once in the cell, the heterologous gene product is 
expressed in the tissue of choice at levels to produce 
functional gene products. The general consensus is that 
correct tissue-speci?c expression of most transfected genes 
is achievable. For correct tissue speci?city, it may be impor 
tant to remove all vector sequences used in the cloning of the 
DNA sequence of interest prior to introduction into the cell 
and formation of the arti?cial chromosome. Thus, the het 
erologous gene of interest can be incorporated into the 
arti?cial chromosome in a controlled manner so that the 

naturally-occurring sequences are present in their naturally 
occurring con?guration, and tissue speci?city is assured. 

[0132] Synthetic chromosomes can be introduced into 
human stem cells or bone marroW cells. Other applications 
Will be clear to those of skill in the art. 

[0133] A variety of Ways have been developed to intro 
duce vectors into cells in culture and into cells in tissues of 
an animal or human patient. Methods for introducing vectors 
into mammalian and other animal cells include calcium 
phosphate transfection, the DEAE-dextran technique, 
micro-injection, liposome-mediated techniques, cationic 
lipid-based techniques, transfection using polybrene, proto 
plast fusion techniques, electroporation, and others. These 
techniques are Well knoWn to those of skill in the art, and are 
described in many readily available publications and been 
extensively revieWed. Some of the techniques are revieWed 
in Transcription and Translation, A Practical Approach, 
Hames, B. D. & Higgins, S. J., eds., IRL Press, Oxford 
(1984), herein incorporated by reference for their relevant 
teachings, and Molecular Cloning, 2nd Edition, Maniatis et 
al., Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, NY. (1989), herein incorporated by reference for its 
relevant teaching. 

[0134] In the description, reference has been made to 
various methodologies knoWn to those of skill in the art of 
molecular biology. Publications and other materials setting 
forth such knoWn methodologies to Which reference is made 
are incorporated herein by reference for their relevant teach 
mgs. 

[0135] Astandard reference Work setting forth the general 
principles of recombinant DNA technology is Maniatis, T. et 
al., Molecular Cloning: A Laboratory Manual, 2nd Edition, 
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY. 
(1989). 
























